Muscle proteins are continuously being synthesized and degraded (for a review, see Rannels et al., 1976) . The balance between the rates of these two processes determines whether net synthesis or net degradation of muscle protein occurs. The regulation of the synthesis and degradation of muscle proteins is therefore important in understanding muscle hypertrophy and atrophy. However, relatively little is known of the regulation and enzymology of muscle protein degradation. It has been proposed that various hormonal and nutritional factors (e.g. insulin, branched-chain amino acids) alter the rate of protein degradation in the isolated rat diaphragm (Fulks et al., 1975) . The way in which these factors affect the rate of protein degradation is poorly understood.
There have been reports indicating a possible role for Ca2+ in regulation of protein breakdown in the frog cutaneous pectoris and mouse diaphragm muscles (Statham et al., 1976; Publicover et al., 1978) . Based mainly on ultrastructural evidence, these authors have shown that treatment of muscles with the divalent-cation ionophore A23187 (Reed & Lardy, 1972) leads to rapid dissolution of the myofilaments. It has been known for many years that muscle tissues contain a Ca2+-activated proteinase (Drummond & Duncan, 1968; Huston & Krebs, 1968; Busch et al., 1972; Okitani et al., 1974; Dayton et al., 1976a,b Krebs-Henseleit (1932) bicarbonate solution at 250C, equilibrated with 02/C02 (19: 1) and containing 5.5 mM-glucose. In some cases, CaCl2 was omitted (see the Results and Discussion sections). Muscles were blotted lightly on filter paper and weighed into 25 ml Erlenmeyer flasks usually containing 3 ml of Krebs-Henseleit bicarbonate solution at 250C supplemented with 5.5 mM-glucose and 0.5 mM-cycloheximide. lonophore A23187 (when added) was present at a final concentration of 10,ug/ml and was added in 30,ul of ethanol. In such incubations, control incubations contained 30 ul of ethanol. However, it was also shown in separate experiments that this concentration of ethanol did not affect the rate of tyrosine release from muscles when compared with incubations in the absence of ethanol. The contents of the flasks were re-equilibrated with 02/CO2 and placed in a shaking water bath for 30 min at 370C and 50 shaking cycles/min. After this time, muscles were transferred to fresh media, re-gassed, and incubated as before for various intervals.
Estimation ofprotein degradation
Protein degradation was measured by the release of tyrosine into the medium. Since this amino acid is neither synthesized nor metabolized by diaphragm (Guroff & Udenfriend, 1960) and since its reincorporation into protein is inhibited by cycloheximide, the rate of release of tyrosine is considered to be a valid measurement of protein degradation in muscle (Fulks et al., 1975) . Media from incubations were taken and 100% (w/v) trichloroacetic acid was added to a final concentration of 5% (w/v). Samples were centrifuged in a bench centrifuge (3000 rev./min for 5 min) and samples were taken for the assay of tyrosine by the method of Waalkes & Udenfriend (1957) . Rates of tyrosine release were linear with time over the 2h incubation period. To measure tissue tyrosine concentrations, muscles were frozen in liquid N2 after incubation, crushed and ground in ground-glass homogenizers cooled in liquid N2 and then were dispersed in water (2 ml).
Trichloroacetic acid (100%, w/v) was added to 5% (w/v) and tyrosine was assayed as described above.
A standard curve for tyrosine was carried out each time.
Measurement oftissue Ca2+ concentrations
After incubation, quarter diaphragms were blotted on filter paper and solubilized by heating at 1 100C for 1 h in 0.5 ml of Analar conc. HNO3 in glass tubes washed in conc. HNO3. The contents of the tube were evaporated to dryness in vacuo over solid NaOH and P205. The residues were dissolved in 1 ml of LaCl3 solution [for atomic absorption spectroscopy, 1% (w/v) La3+I/0.5M-HCI (Analar). After centrifugation for 5min at 3000 rev./min in a bench centrifuge, the Ca2+ concentrations of extracts (suitably diluted in LaCI3/HCl) were determined in a Pye-Unicam SP.90A series 2 atomic absorption spectrophotometer.
Assay ofphosphorylase
Phosphorylase was assayed essentially as described by Hedrick & Fischer (1965 Assay oflactate dehydrogenase Following incubation of quarter-diaphragms, the media and quarter-diaphragms were frozen in liquid N2. Diaphragms were homogenized (1 g/1 9 ml of buffer) in 50mM-potassium phosphate, pH 7.0, at 0°C in ground-glass homogenizers (see above). Suitably diluted tissue extracts and media were assayed for lactate dehydrogenase activity in a Gilford recording spectrophotometer (model 240) at 340nm in a total volume of 2ml containing 50mM-potassium phosphate (pH 7.0)/0.3 mMpyruvate/0. 14 mM-NADH.
Preparation of Ca2+-activated proteinase from rat heart and diaphragm
The method was essentially as described for bovine heart by Waxman & Krebs (1978) . Rat hearts (stored at -700C) were homogenized in 4vol. of 5mM-Tris/HCI (pH7.5)/4mM-EDTA/ 50mM-NaCI/3 mM-2-mercaptoethanol at 0°C by using a Polytron homogenizer (Kinematica G.m.b.H., Lucerne, Switzerland). The homogenate was centrifuged at 250OOg for 45min. The supernatant was adjusted to pH 7.5 with 1 M-KOH and diluted with 4 vol. of water at 0°C. The diluted supernatant was applied to a column of DEAE-cellulose DE-l 1 equilibrated with 5mM-Tris/HCI (pH 7.5)/lOmrNaCl / 0.1 mM -EDTA / 3 mM -2 -mercaptoethanol (about 5 ml of diluted supernatant/ml column bed vol.). The column was washed with 5-10vol. of equilibration buffer and a linear gradient of NaCl (10-500mM in equilibration buffer, total volume of ten column bed vols.). Fractions were collected and assayed for Ca'+-dependent proteinase activity (see below). Those fractions containing activity (eluting at about 270mM-NaCI) were pooled and solid (NH4)2SO4 was added to 60% saturation. The precipitated protein was collected by centrifugation at 38000g for 30min. The precipitate was taken up in a small volume (1-2ml) of 50mM-Tris/HCl (pH 7.5)/I mM-EDTA/2 mM-dithiothreitol and was dialysed for 16 h against 1000 vol. of the same buffer at 4°C. The preparation was stored at -200C.
Usually 5(-100g of rat hearts were used for each preparation of enzyme.
To demonstrate the presence of Ca2+-activated proteinase in the rat diaphragm, the above method was followed up to the DEAE-cellulose column chromatography step. The Na+ concentration was measured as described by Sugden et al. (1979a) .
Assay ofCa2+-activatedproteinase
The enzyme was assayed by the release of trichloroacetic acid-soluble peptides and amino acids from a-casein (Sigma). The assay contained in 0.24ml: 50mM-Tris/HCl (pH 7.5)/3 mM-2-mercaptoethanol/5 mg of a-casein/ml and a suitable amount of Ca2+-activated proteinase [diluted in 50mM-Tris/HCl (pH 7.5)/1 mM-EDTAI. Assays were for 5-15min at 300C. They were run in the presence of 5 mM-CaCl2 or 1 mM-EDTA. The assay was terminated by the addition of 10% (w/v) trichloroacetic acid (0.24 ml) and tubes were spun at 3000rev./min at 40C in a bench centrifuge. Supernatant (0.4 ml) was taken and assayed essentially as described by Lowry et al. (1951) as modified by Barrett (1972) .
Collection ofblood samples
A rat was killed by a blow on the head and cervical dislocation. The heart was exposed and a blood sample was collected by puncture of the right ventricle with a syringe. About 5ml was obtained from a 300-350g rat.
Other methods
Calmodulin-deficient cyclic nucleotide phosphodiesterase was prepared by the method of Klee & Krinks (1978) and assayed by the method of Sugden et al. (1979b) . For metabolite assays, tissues were frozen in liquid N2 after incubation. They were ground in ground-glass homogenizers under liquid N2 and extracted with HCl04 (conc. HCl04/H20, 1: 19, v/v). Protein was removed by centrifugation and the supernatants were neutralized to pH7-8 (Universal indicator) with 5M-KOH. Supernatants were assayed for metabolites. ATP was determined by the method of Lamprecht & Trautschold (1974) , phosphocreatine by the method of and ADP and AMP by the method of Jaworek et al. (1974) .
Results
Effects of ionophore A23187, Ca2+ and EGTA on the rate ofprotein degradation in rat epitrochlearis and diaphragm muscle Results are shown in Table 1 . In both muscles, there was an increase in the rate of tyrosine release in the presence of 2.54 mM-CaCl2 (the concentration of CaCl2 in Krebs-Henseleit bicarbonate Table 1 . Effects ofEGTA, Ca2+ and ionophore A23187 on the release oftyrosinefrom the diaphragm and epithrochlearis muscles Muscles were taken and incubated as described in the Experimental section. Quarter-diaphragms were used. Incubations were in 3ml of freshly prepared Krebs-Henseleit (1932) bicarbonate solution. The additions were at the following concentrations: EGTA, 0.5 mM; CaCl2, 2.54 mM; ionophore A23187, lO,ug/ml; the branched-chain amino acids L-leucine, L-isoleucine, L-valine at 1 mm each, insulin, 0.1 i.u./ml. The additions were present in both the preincubation (30 min) and the test incubation (2 h). Results are presented as means + S.E.M. with the number of separate experiments in parentheses. The statistical significance of the results was determined by a paired t test in which quarter-diaphragms were compared with controls from the same animal and the epitrochlearis was compared with a contralateral control from the same animal. Statistical significance: **P < 0.01; ***P < 0.001. From the amino acid composition of diaphragm (Odessey et al., 1974) and the protein content of the diaphragm (0.2 mg/mg wet wt.), the proportion of muscle tyrosine mobilized during the experimental incubations can be calculated. The diaphragm tyrosine content is 52.7 nmol/mg wet wt. Thus the fractional loss of tyrosine calculated from Table 1 ranges between 0.37-0.80%/h.
However there are other possible interpretations of the role of Ca2+ in muscle protein degradation. The possibility that increased protein degradation was caused by an increase in proteolytic activity in contaminating blood in the presence of Ca2+ was excluded by incubating rat blood, as described in the Experimental section, in the presence of 2.54 mMCaC12 or 0.5 mM-EGTA. No increase in tyrosine release was seen either with time or in the presence of Ca2+. The concentration of tyrosine in the blood was about 0.027 mm. Furthermore no Ca2+_ dependent proteolytic activity was eluted from DEAE-cellulose columns at 0.27 M-NaCl when blood was used as a starting material in experiments analogous to the purification of the Ca2+-activated proteinase from rat heart (see the Experimental section).
Ca2+ is important in exocytosis from mast cells [for a review, see Douglas (1974) 
Effects of inhibitors ofenergy metabolism on protein degradation in the diaphragm
The results are shown in Table 3 . Effects of2,4-dinitrophenol, CN-and iodoacetamide on the release oftyrosinefrom the diaphragm Muscles were incubated in the absence of Ca2+ (in the presence of 0.5 mM-EGTA) as described in the Experimental section and in the legend to Table 1. The additions were at the following concentrations; 2,4-dinitrophenol, 0.2 mM; KCN, 2mM; iodoacetamide, 0.5 mM. Results are presented as means + S.E.M. with the number of observations in parentheses. Statistical significance was determined as described in (Fig. 2) . In the presence of + S.E.M. for ten determinations) and an inulin space 2.54 mM-CaC12, there was a large and rapid increase of 0.354,u1/mg wet wt. (Fulks et al., 1975) incubations. This demonstrates that ionophore A23187 increases the total Ca concentration in the diaphragm. In the absence of Ca2+ (plus 0.5 mM-EGTA), the diaphragm is approx. 80%o depleted of its total Ca within 30min.
There is a possibility, however, that Ca2+ is merely binding to extracellular structures rather than entering the cell. To examine this possibility, the activity of the cytoplasmic enzyme glycogen phosphorylase (EC 2.4.1.1) was examined. Phosphorylase kinase can be activated by Ca2+, either by binding to its a subunit (Brostrom et al., 1971; Cohen et al., 1978) or via a Ca2+-activated limited proteolysis (Drummond & Duncan, 1968; Huston & Krebs, 1968 ). An increase in phosphorylase kinase activity will cause an increase in the phosphorylase activity ratio. (Perkins, 1973) and activates cyclic nucleotide phosphodiesterase (Cheung, 1970) . Effects of Ca2+ concentration and ionophore A23187 on muscle contents ofA TP, ADP, AMP and phosphocreatine Because agents which interfere with energy metabolism (CN-and 2,4-dinitrophenol) decrease the rate of tyrosine release by the quarter-diaphragm (Table 3) , it was important to establish the effects of incubation in the presence and absence of Ca2+ and in the presence of A23187 on the concentrations of compounds involved in energy metabolism in the quarter diaphragm (Table 4) . Both EGTA and A23 187, at the concentrations used, caused significant decreases in ATP and phosphocreatine concentrations and in the ATP/ADP concentration ratio as compared with control incubations in the presence of 2.54mM-CaC12. This result raises the possibility that the effects of Ca2+ upon proteolysis (Table 1 ) may occur via the same mechanism as the effects of 2,4-dinitrophenol and CN-, i.e. decreases in ATP and phosphocreatine concentrations somehow inhibit proteolysis. Further work is necessary to examine this correlation. Although A23187 decreases ATP and phosphocreatine concentrations and the ATP/ADP concentration ratio, (Table 4) , it increases the rate of proteolysis in the presence of 2.54 mM-CaC12 (Table 1) suggesting that this latter effect is caused by increasing intracellular Ca2+ concentrations. This is further supported by measurements of diaphragm total Ca. The effects of A23 187 upon the concentrations of energy metabolites differ from those observed by Kameyama & Etlinger (1979) The Ca2+-activated proteinase was partially purified from rat heart as described in the Experimental section. The assay was as described in the Experimental section at various concentrations of CaCl2.
can be shown that the tissue concentrations of ATP in the incubations in the presence and absence of Ca2+ are sufficient to saturate the enzyme to the extent of 96.9 and 95.1%, respectively.
Effects of Ca2+ concentration on the activity of the Ca2+-activatedproteinasefrom the rat A Ca2+-activated proteinase is present in the rat diaphragm (results not shown). This enzyme is probably identical to that from pig muscle (Dayton et al., 1976a,b) and bovine heart (Waxman & Krebs, 1978) in view of the similar behaviour during chromatography on DEAE-cellulose columns. The Ca2+ requirement of the rat heart enzyme was investigated (Fig. 4) . The concentration of Ca2+ required for half-maximal activity was 0.25 mm. This requirement was not altered in the presence of calmodulin (1.6,ug/ml). There was no evidence that boiled fractions of Ca2+-activated proteinase activity eluted from DEAE-cellulose would activate calmodulin-deficient Ca2+ dependent cyclic nucleotide phosphodiesterase (Klee & Krinks, 1978) . The Ca2+-activated proteinase was not inhibited by 67pM-trifluoperazine [an inhibitor of calmodulindependent cyclic nucleotide phosphodiesterase and calmodulin-dependent glycogen synthetase phosphorylation; see Levin & Weiss (1977) 
Discussion
The results presented in the present paper suggest that an increase in the intracellular concentration of Ca2+ can increase the rate of muscle protein degradation in vitro. This was shown for a relatively aerobic muscle (the diaphragm) and a relatively anaerobic skeletal muscle (the epitrochlearis). While these studies were in progress, Kameyama & Etlinger (1979) showed analogous results with an aerobic skeletal muscle, the soleus of the rat. The results in the present paper, however, question the importance of changes in intracellular Ca2+ concentrations in steady state protein turnover in vivo.
Large amounts of Ca were taken up rapidly by the diaphragm incubated in vitro (Fig. 2) and this rapid uptake can be further increased by the inclusion of ionophore A23187 in the incubation medium. It seems to be generally accepted that the cytosolic concentration of Ca2+ in the muscle under resting conditions is about 10-8M and this can increase to 10-6M upon contraction. While it is still possible that the Ca2+ taken up by the incubated diaphragm is bound to extracellular structures, it would seem that the magnitude of the increase and the data on glycogen phosphorylase activity ratios (Fig. 3) renders this explanation unlikely. In experiments with ionophore A23187, the increase in proteolysis is probably dependent on the increase in tissue Ca2+ concentrations rather than on the 'energy status' of the tissue. This finding is not so apparent in incubations carried out in the presence and absence of CaC12, when there is a decrease in the concentrations of phosphocreatine and ATP in the absence of CaCl2 (Table 4) . Furthermore, the only Ca2+-activated proteinase so far described in muscle tissue appears to have an apparent KA for Ca2+ of approx. 0.25 mm, many times greater than the cytoplasmic Ca2+ concentration (see Fig. 4 ).
Although the putative importance of Ca2+ in steady-state intracellular protein turnover in vivo is diminished by the above findings, it is important to understand the process whereby a low (about 2ng-atoms/mg wet wt.) tissue Ca content is normally maintained in vivo. This is clearly altered in the diaphragm incubated in vitro. There might possibly be a pathological role for Ca2+in autolysis after cell death (both in the living animal and after death of the animal) and in the various myopathic diseases. Cellular necrosis can occur in the living animal. For example, a cellular necrosis occurs in the heart following non-fatal myocardial infarction. The dissolution of such tissue may involve increases in cytoplasmic Ca2+ concentration. These autolytic processes may be mediated by the Ca2+-activated Vol. 190 proteinase described here. Evidence has also been presented that Ca2+ handling by dystrophic muscle is defective (Takagi et al., 1973; Engel, 1977; Engel et al., 1977; Samaha, 1977) . This possibility was also discussed by Kameyama & Etlinger (1979) . The diaphragm incubated in vitro may be a better model of a dystrophic muscle than of a normal muscle preparation in vivo.
A further finding is that agents that produce tissue anoxia (2,4-dinitrophenol and CN-) decrease muscle tissue proteolysis. Other workers have made analogous observations in other tissues (Simpson, 1953; Steinberg & Vaughn, 1956; Brostrom & Jeffay, 1970; Hershko & Tomkins, 1971; Poole & Wibo, 1973; Chua et al., 1979) . Tissue proteolysis is decreased when energy metabolism is inhibited and presumably when there is a fall in ATP concentrations. It is therefore important to understand the basis of the 'energy requirement' of proteolysis. Factors such as an ATP-requiring lysosomal proton pump (see also Ballard, 1977) or an ATP-requiring proteinase (Etlinger & Goldberg, 1977) have been suggested to be implicated in this finding.
The characteristics of Ca2+ uptake by the isolated diaphragm lead one to question whether this tissue is a satisfactory model for the study of hormonal effects. It is known that the activities of certain enzymes of the cyclic AMP system and glycogen metabolism are affected by Ca2+ concentrations. Whether it is valid to examine hormonal affects on these enzymes when the diaphragm is taking up Ca2+ at such a rapid rate seems problematical.
